Dry eye disease (DED) after cataract surgery has become a critical concern, and various therapeutic options have been developed. Recently, preservative-free diquafosol ophthalmic solution has been introduced; however, its therapeutic effect on DED after cataract surgery has not been reported. We investigated the efficacy of preservative-free diquafosol in patients with pre-existing DED after cataract surgery. We divided subjects who were diagnosed with DED and scheduled to undergo cataract surgery, into 3 groups (preservative-free diquafosol, group 1; preservative-containing diquafosol, group 2; preservative-free hyaluronate, group 3), and each eye drops was administered 6 times daily after surgery. Tear break up time (TBUT), Ocular Surface Disease Index (OSDI), corneal staining score, lid margin abnormality, and meibum quality improved over time in group 1. Groups 1 and 2 had significantly superior TBUT, meibomian gland dysfunction grade, and meibomian gland expressibility throughout the study period than group 3. Meibum quality of group 1 was significantly better than group 2 at 1 and 3 months after surgery. Preservative-free diquafosol showed better efficacy in treating DED after cataract surgery than preservative-containing diquafosol or preservative-free hyaluronate. Preservative-free diquafosol may serve as a reliable option for the management of patients with preexisting DED after phacoemulsification.
a dinucleotide derivative and functions as an agonist of the purinergic P2Y 2 receptor 14 . Diquafosol is known to stimulate not only mucin secretion from goblet cells but also water secretion from conjunctival epithelial cells and the accessory lacrimal glands 14, 15 . Studies have shown that diquafosol is very effective in treating and alleviating symptoms of DED after cataract surgery 2, 5, 6, 13 . Furthermore, several studies have shown that topical diquafosol is more effective for managing DED after cataract surgery than artificial tears 5, 6 . Preservative-free diquafosol ophthalmic solution has been introduced recently. The use of other eye drops without preservatives has been shown to play an important role in the treatment of DED after cataract surgery with reduced adverse reactions 16 . At present, however, there is no study that has evaluated the therapeutic effect of preservative-free diquafosol ophthalmic solution on DED after cataract surgery. Therefore, in this study, we compared the efficacy of preservative-free diquafosol ophthalmic solution with that of preservative-containing diquafosol and preservative-free sodium hyaluronate ophthalmic solutions, which are widely used in patients with DED after cataract surgery.
Results
This study included 38 eyes in group 1, 41 eyes in group 2, and 38 eyes in group 3. Table 1 presents the baseline characteristics of the 3 groups of patients. There were no significant differences in laterality, age, or sex among the 3 groups (Table 1 ). There were no significant differences in preoperative tear break up time (TBUT) (4.6 ± 2.2, 5.0 ± 2.5, and 4.6 ± 1.8 s for groups 1, 2, and 3, respectively) or Ocular Surface Disease Index (OSDI) (22.10 ± 12.93, 23.49 ± 11.38, and 22.30 ± 9.01 for groups 1, 2, and 3, respectively) among the 3 groups. In addition, no significant differences were observed in preoperative corneal staining scores, Schirmer test scores, or meibomian gland dysfunction (MGD) parameters among the 3 groups (Table 1 ). There was no significant difference in operation time among the 3 groups (P = 0.097).
Dry eye parameters. The preoperative and postoperative dry eye parameters for the 3 groups are summarized in Table 2 . The TBUT for groups 1 and 2 showed significant improvement from the preoperative values and were significantly longer than that of group 3 at 1 month postoperatively. However, at 3 months after surgery, only group 1 evidenced significant improvements from the preoperative values and had significantly longer TBUT than that of group 3. We also found significant improvements in in TBUT in groups 1 and 2 when compared to group 3 in the overall difference analysis (P < 0.001; Fig. 1a ).
OSDI scores were significantly reduced in groups 1 and 2 after surgery across all study periods. There were significant differences between groups 1 and 3 and between groups 2 and 3 in OSDI scores at 1 month after surgery. At 3 months postoperatively, OSDI scores for group 3 were significantly reduced below the preoperative value. Given this, there was no significant difference noted between groups 2 and 3. However, at 3 months after surgery, the reduction in OSDI scores of group 1 was higher than that of the other 2 groups and a significant difference in OSDI scores between groups 1 and 3 persisted. In the overall difference analysis, a significant difference was also observed between groups 1 and 3 ( Fig. 1d ; P = 0.021).
Corneal staining scores for all groups were significantly better than the preoperative values across all study periods; however, there were no significant differences among the 3 groups. Schirmer test results remained unchanged from the preoperative values and there were no differences among the 3 groups during the entire Meibomian gland dysfunction parameters. The parameters for MGD are summarized in Table 2 . At 1 month after surgery, the MGD stage was significantly reduced in group 2 from that before surgery, although there was no significant difference among the 3 groups. However, at 3 months postoperatively, only group 1 showed significant improvement from the preoperative value, with significantly better MGD stage results than group 3. In the overall difference analysis, MGD stage was significantly better in group 1 and group 2 when compared with group 3 ( Fig. 1 ; P < 0.001). At 3 months after surgery, meibomian gland expressibility of groups 1 and 2 significantly improved from the preoperative condition and showed significant differences when compared with group 3. Similarly, there were Table 2 . Changes in Dry Eye Parameters and Meibomian Gland Dysfunction Parameters between Preoperative and 4 and 12 Weeks After Cataract Surgery. Data are presented as means ± standard deviation. TBUT = tear breakup time; OSDI = Ocular Surface Disease Index; LLT = lipid layer thickness; MGD = meibomian gland dysfunction. P-value indicates the statistical analysis among the three groups. * Indicates a statistically significant compared with preoperative value; † indicates a statistically significant difference between groups A and B in post hoc analysis; ‡ indicates a statistically significant difference between groups A and C in post hoc analysis; § indicates a statistically significant difference between groups B and C in post hoc analysis. significant differences between groups 1 and 3 and between groups 2 and 3, as revealed by overall difference analyses ( Fig. 1 ; P < 0.001). The grade of lid margin abnormality and meibum quality in groups 1 and 2 were significantly improved from the preoperative conditions at 1 month postoperatively; however, only group 1 experienced significant improvements at 3 months after surgery. Although there were no significant differences among the 3 groups in lid margin abnormality, overall difference analysis showed significant improvement in lid margin abnormality of group 1 when compared with group 3. Meibum quality of group 1 demonstrated statistically significant improvements when compared with group 2 or group 3 in overall difference analysis ( Fig. 1 ; P < 0.001).
The lipid layer thickness (LLT) was unchanged after surgery, and there were no differences noted among the 3 groups across the entire study period. Table 3 . Values for HOAs including total HOAs, spherical aberrations, coma, trefoil, and secondary astigmatism, for all 3 groups were significantly decreased below the preoperative values in all study periods, and there were no significant differences among the 3 groups. Furthermore, no significant differences were noted among the 3 groups in the overall difference analysis throughout the study period (Fig. 2 ).
Discussion
The present study investigated the clinical efficacy of preservative-free diquafosol 3% ophthalmic solution compared with preservative-containing diquafosol 3% ophthalmic solution and preservative-free sodium hyaluronate 0.15% ophthalmic solution in pre-existing DED patients who underwent cataract surgery. As reported previously 5,6,10 , diquafosol and hyaluronate treatment improved dry eye symptoms and HOAs in this study. Although corneal HOAs were comparable among the 3 groups, dry eye symptoms were much improved in the diquafosol treatment groups as compared to the hyaluronate treatment group. In addition, though dry-eye and MGD parameters were comparable between the preservative-free and preservative-containing diquafosol groups at 1 month postoperatively, these improvements were most robust in the preservative-free diquafosol group at 3 months after surgery.
According to a meta-analysis of randomized controlled trials comparing the efficacy of diquafosol and artificial tears for the management of DED following phacoemulsification 6 , diquafosol significantly improved multiple outcomes including TBUT, Schirmer test scores, and corneal fluorescein staining scores beyond those obtained from the use of artificial tears. Similarly, Park and colleagues revealed that OSDI was significantly improved in diquafosol-treated individuals 5 .
We found that TBUT was better in diquafosol groups than in hyaluronate group at 1 month after surgery, which implies that diquafosol is more effective than hyaluronic acid in dry eye treatment after cataract surgery, as suggested by the previous studies. Similarly, the postoperative OSDI was better in diquafosol groups than in hyaluronate group. Although the TBUT and OSDI results of the present study were similar to those reported previously, there were no significant differences in the Schirmer test or corneal staining scores among the 3 groups. Wu and colleagues reported that unlike TBUT, Schirmer test scores which evaluate aqueous tear production, did not demonstrate consistent improvements after diquafosol treatment in DED patients 17 , as we also report in the current study. Other studies have also shown that Schirmer test scores did not improve after diquafosol treatment of DED patients following cataract surgery 2, 13 . Given the similarity of results between our study and previous studies, we contend that increased mucin secretion with diquafosol treatment plays an important role in tear film stability over aqueous secretion. Notably, corneal staining scores were improved in all the 3 groups, with no significant differences among the 3 groups. Several previous studies have also demonstrated no significant differences in corneal staining scores between diquafosol and artificial tear groups in patients with DED after phacoemulsification 5, 18, 19 .
Although, few studies have investigated the efficacy of diquafosol for MGD [20] [21] [22] , diquafosol has been shown to have beneficial effects on the condition. Some potential mechanisms for this have been explored. P2Y 2 receptors have been found in the meibomian gland 23 , and previous studies have suggested that P2Y 2 agonists increase the concentration of intracellular lipids in cultured rabbit meibomian gland cells and in Cu, Zn-superoxide dismutase-1 knockout mice 24, 25 . Until now, there have been no studies evaluating the efficacy of diquafosol in treating MGD following cataract surgery. The relationship between cataract surgery and MGD has been examined in many studies, with MGD identified as a key cause of DED following cataract surgery 8, 26, 27 . Studies have shown that meibomian gland function deterioration has persisted for 3 months postoperatively, suggesting that MGD may lead to persistent dry eye symptoms 26 . In fact, a recent study of our group revealed meibomian gland orifice obstruction and meibomian gland dropout to be associated with persistent dry eye symptoms after cataract surgery 1 . We report here that diquafosol can improve MGD-related parameters more than sodium hyaluronate in DED patients after cataract surgery. These results suggest that diquafosol may be helpful in the treatment of MGD and may further have protective effects against persistent DED following cataract surgery. Interestingly, TBUT was significantly improved at 3 months after surgery only in group 1, although TBUT at 1 month after surgery was improved in both groups 1 and 2. This difference may be caused due to long-term preservative usage in group 2. Similarly, the reduction in OSDI scores was comparable between group 1 and group 2 at 1 month postoperatively; however, it decreased further in group 1 at 3 months after surgery, despite not reaching a statistically significant value with groups 1 and 2 at 3 months postoperatively. Chronic preservative usage seems to decrease the efficacy of the eye drops in dry eye treatment. It might have caused further reduction of MGD stage in group 1 than in group 2 at 3 months after phacoemulsification; however, MGD stage reduced in both groups 1 and 2 at 1 month postoperatively.
Regarding corneal HOAs after cataract surgery, we found that corneal HOAs improved after cataract surgery across all 3 groups and there were no significant differences among the 3 groups. We hypothesize that because subjects in the present study had preoperative DED, their use of medication after surgery led to HOA improvements in all groups. However, previous studies have shown that diquafosol simply maintained postoperative HOAs, while artificial tears did not prevent deterioration of HOAs 2, 5, 19 . Another study revealed that diquafosol treatment reduced HOAs as well as corneal staining scores in aqueous-deficient dry eye, suggesting that improvement in superficial punctate keratopathy resulted in HOA reductions 28 . Similarly, we also hypothesize that improvements in corneal staining scores elicited improvements in HOAs in the present study.
Refinement of eye drop ingredients is necessary for improved clinical outcomes. Preservatives in eye drops have previously been implicated in epithelial damage 29 . Preservative-free medications have previously been shown to lead to greater improvements in OSDI, TBUT, corneal staining scores, and Schirmer test scores in patients with DED after phacoemulsification than preservative-containing medications 16 . Furthermore, glaucoma patients who used preservative-free prostaglandin/timolol fixed combinations manifested better results in not only dry eye parameters, trefoil (d) , and secondary astigmatisms (e) were depicted. Data are presented as mean values ± standard error of the mean (SEM). P-values are presented next to all graphs for each study period, indicating the results of statistical analyses among the 3 groups for that period using analysis of variance; ¶ P-value indicates the overall analysis throughout the study period by generalized estimating equation; † indicates a statistically significant difference between groups 1 and 2 per post hoc analysis; ‡ indicates a statistically significant difference between groups 1 and 3 per post hoc analysis; § indicates a statistically significant difference between groups 2 and 3 per post hoc analysis.
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(2019) 9:12659 | https://doi.org/10.1038/s41598-019-49159-0 www.nature.com/scientificreports www.nature.com/scientificreports/ but also meibomian gland features than did those who used preserved prostaglandin/timolol fixed combinations 30 . As outlined here, preservative-free diquafosol led to better dry eye and MGD parameters than preservative-containing diquafosol at 3 months after phacoemulsification in the present study. However, the preservative-free diquafosol group showed results comparable to the preserved diquafosol group at 1 month after surgery. There are two potential reasons for this. First, preservatives may not lead to negative clinical effects in the relatively limited, 1-month timespan assessed here. Second, postoperative medications containing preservatives were used for 1 month following surgery in all groups, with potential significant differences not emerging until 3 months.
While the present study offers some intriguing results, it has some limitations that are worth discussing. First, this study was not designed as a blind clinical trial, so there is a risk of bias even though the researcher has evaluated it as fair as possible. Second, the sample size of the present study was relatively small and our study follow-up period of only 3 months was relatively short. However, it is important to note that most changes to the ocular surface following phacoemulsification resolve within a few months 31, 32 . Larger sample sizes and more long-term double-blind studies may allow further validation of the present study's results. Third, we have some concerns about the confounding effect of postoperative use of topical antibiotics and steroid eye drops in the present study's results. For example, anti-inflammatory medications are especially associated with dry eye symptoms and may improve MGD parameters to some degree 5, 33 . Furthermore, the postoperative anti-inflammatory eye drops used in this study contained preservatives. However, all patients in the 3 groups used postoperative antibiotics and steroid medications in the same way; therefore, the differences between the 3 groups in this study are thought to be mainly generated by the eye drops for dry eye.
Despite the limitations, the current study is valuable because it is the first to report the efficacy of preservative-free diquafosol ophthalmic solution in DED patients. Moreover, we comparatively demonstrated clinical outcomes associated with sodium hyaluronate and diquafosol with and without preservatives in patients with DED who underwent phacoemulsification using a randomized clinical trial design. The present study's findings provide evidence for a novel treatment strategy involving the use of preservative-free diquafosol for the management of eye health and DED following cataract surgery.
In conclusion, the present study revealed that a 3% diquafosol ophthalmic solution was more effective than a sodium hyaluronate ophthalmic solution in managing DED after cataract surgery, whether it contained a preservative or not. Furthermore, although preservative-containing diquafosol led to clinical outcomes comparable with preservative-free diquafosol at 1 month after surgery, use of preservative-free diquafosol resulted in better outcomes at 3 months after surgery, suggesting that preservative use may be detrimental to DED treatment.
Patients and Methods
Subjects. This study involved a prospective randomized controlled clinical trial design and was approved by the Institutional Review Board of Yonsei University College of Medicine (Seoul, South Korea; IRB No. 4-2017-0601; Date of approval: 15 August 2017) and was registered at ClinicalTrials.gov (NCT03640351, Date of registration: 21 August 2018). All study procedures followed the tenets of the Declaration of Helsinki, and written informed consent was obtained from all participants. The study used a prospective randomized design and was conducted according to the original protocol (full protocol available on request).
We enrolled patients with pre-existing DED scheduled to undergo cataract surgery. We defined DED with minor modifications based on the standards set in the Tear Film and Ocular Surface Society Dry Eye Workshop II Diagnostic Methodology report 34 . We diagnosed DED when OSDI score was 13 or more and one of the following two conditions was satisfied: 1) TBUT less than 10 seconds or 2) ocular surface staining showing >5 corneal spots. Participant exclusion criteria included an age less than 20 years, previous use of tetracycline or eye drops except artificial tears within 3 months prior to cataract surgery, the presence of any severe ocular surface disease and/or corneal epithelial pathologies (except DED), a history of previous ocular surgery or trauma, ocular comorbidities, such as glaucoma, uveitis, and cystoid macular oedema. All patients underwent cataract extraction with phacoemulsification and intraocular lens implantation at Yonsei University College of Medicine, Seoul, Republic of Korea, between August 2017 and September 2018. Participants were randomly assigned into the preservative-free diquafosol group (group 1), the preservative-containing diquafosol group (group 2), or the hyaluronate group (group 3) via a simple, unrestricted randomization method by the controller (Supplementary Fig. S1 ). Group 1 used preservative-free 3% diquafosol tetrasodium ophthalmic solution (Diquas-S; Santen Pharmaceutical Co, Ltd, Osaka, Japan) 6 times a day, while group 2 used 3% diquafosol tetrasodium ophthalmic solution (Diquas; Santen Pharmaceutical Co, Ltd) which contains chlorhexidine as preservative, 6 times a day, and group 3 used preservative-free 0.15% sodium hyaluronate ophthalmic solution (New Hyaluni 0.15%; Taejoon, Seoul, Korea) 6 times a day. All 3 groups used eye drops from postoperative day 1 to 12 weeks after surgery. The calculated total sample size was 111 when we set effect size 0.3, power 0.80, and α 0.05; therefore, we enrolled 50 subjects in each group considering follow up loss. Right or left eye data were randomly chosen using randomization tables, regardless of ocular dominance, refraction, or presence of aberrations.
Preoperative and postoperative assessments. All subjects underwent dry eye and MGD examinations before and 1 and 3 months after cataract surgery. The subjects did not use any eyedrops prior to 2 hours of examination. These examination parameters included TBUT, type I Schirmer test scores, Oxford staining scores, and OSDI scores. MGD parameters consisted of LLT, lid margin abnormalities, meibum quality, meibum expressibility, MGD stage, and meibomian gland dropout. We evaluated LLT, meibomian gland dropout, TBUT, Oxford staining scores, lid margin abnormality, meibum quality, meibum expressibility, MGD stage, OSDI scores, and Schirmer test scores in order. Corneal aberrations in all subjects were measured via iTrace (Tracey Technology, Houston, TX, USA), as previously described 35 .
TBUT was evaluated by placing a single fluorescein strip (Haag-Streit, Koeniz, Switzerland) over the inferior meniscus. The mean of 3 evaluation attempts was used for analysis. The Schirmer test was performed without topical
